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ABSTRACT 
A micropump is one of the most important elements in a micro-total analysis system 
used for rapid chemical and biological analysis. To date, different kinds of micropumps have 
been designed, fabricated, tested, and implemented. Among them, a PZT valveless 
micropump is receiving increasing attentions due to its unique advantages over a 
conventional check-type micropump. A valveless micropump is short of fatigue and wear of 
movable part. Without movable parts in the device may avoid high-pressure drop across the 
valves. It is expected that a valveless micropump has higher reliability and a longer lifetime. 
In particular, a valveless micropump is unique for delivering solutions with particles. 
Diffuser and nozzle elements direction dependent flow characteristics are 
quantitatively studied and summarized. From diffuser and nozzle flow characteristics, the 
working principle of the valveless micropump is presented. Based on fluidic mechanics and 
solid mechanics, a dynamic model for the PZT actuated valveless micropump is developed. 
The flow rate and backpressure are the most important performances for the valveless 
micropump. Considering nonlinear pressure loss in the nozzle, a numerical simulation 
method is chosen to study the valveless micropump performance. The simulation is studied 
in low frequency domain. The effects of several key parameters on the micropump 
performances are discussed. These key parameters include passive plate dimensions, PZT 
dimensions, and nozzle dimensions. An optimized micropump design is presented following 
the numerical simulation. The optimized dimensions for the micropump include 500 microns 
for the membrane thickness, 25 mm for the membrane radius, 80 microns for the nozzle neck 
and 400 microns for the nozzle length. 
xiv 
The fabrication process for the valveless micropump is also implemented. Two major 
problems associated with the fabrication process were experimentally investigated. The 




This chapter will provide an overview of Micro Total Analysis System (µ-TAS) including 
specific components such as different types of microactuators, valves and micropumps. The 
associated actuation mechanisms are discussed. The valves are of two types: active and 
passive. Based on these different microactuators and valves, micropumps are also discussed. 
1.1 Micro Total Analysis System 
Micromachining based on microfabrication of integrated circuits is widely applied to the 
fabrication of microsensors for measuring physical quantities, such as force, pressure, 
acceleration, flow and chemical quantities including gas and ion concentration. In the late 
1980s, the development of micro actuators by micromachining became popular. A new 
research area of microelectromechanical systems (MEMS) originated from integrated circuit 
technique was established. Micro flow control devices, such as micro valves and micro pumps 
fabricated on a silicon or glass substrate using miniature actuators have been developed. 
Because of the emphasis on miniaturization of the total chemical analysis, this analysis 
system is called Micro Total Analysis System (µTAS). Each element of the chemical analysis 
system is miniaturized by micromachining and is integrated on a substrate. This process 
reduces the system size, cost, dead volume, and the amount of reagent needed for 
measurement. The total process time is also reduced along with a decrease in the power 
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consumption for the entire system. On the other hand, a detection method realizing highly 
sensitive measurement with a small sample is required. 
The first µTAS, the micro gas chromatograph (GC) developed by a group from Stanford 
University in the late 1970s is still commercially available. However, this has not been used 
widely. In addition to miniaturization of the device and lower price, µTAS is expected to be 
applied in areas not previously accessible, such as bedside monitors in clinical use and in 
onsite environmental analysis. For this purpose, led by researchers in micromachining, 
research on the elements of µTAS such as microsensors and micro flow control devices and 
system realization has been carried out to miniaturize a blood gas concentration analyzer, a 
flow injection analysis (FIA) system, and high speed liquid chromatographic device. 
On the other hand, researchers in analytical chemistry have recognized the importance of 
micromachining and have carried out research on the fabrication of analytical cells for the 
preanalysis of samples. In particular, the technique of fabricating capillary electrophoresis 
cells on a planar substrate has drawn significant attention. Cell miniaturization and reduction 
of analysis time as well as efficiency enhancement by parallel measurement have been 
attained. In U. S. and Canada, a national project for analyzing the human genome has been 
promoted, in which micromachining is used to develop DNA analysis systems. 
A conceptual schematic of µTAS consists of a sample injector (a mechanism for injecting a 
sample), a pump to control the flow of the carrier and the sample, a mixer/reactor for the 
reagent, a separator and a sensor. A filter is used in the sample inlet part to prevent plugging 
of the microchannels. Nowadays, there are two types of integration methods for the entire 
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micro analytical system: planar configuration and modular configuration. The University of 
Twente in Netherlands and the Fraunhofer Institute proposed the planar configuration. The 
planar system consists of a micropump, valves and sensors, and a glass-silicon or plastic 
substrate with channels connecting the elements. The modular configuration on the other hand 
has many different function layers. Each function layer performs one analysis step. From the 
top to the bottom, these different layers are connected with channels. But most of the 
analytical systems are planar configuration because of its simple and easy integration. 
Micropumps and valves are the key components in the analytical system because they pump 
and control sample flow in the entire system. Therefore it is necessary to pay more attention 
to the micro pump and valve in order to get a high performance micropump and valve. 
1.2 Micropump and Valve 
Since 1990s, the attention to micropumps and valves has been increasing rapidly. So far, 
many different types of pumps and valves have been fabricated. A typical micropump 
includes an actuator and its connected valves. A micropump actuator may have different 
actuation mechanisms - electromagnetic, piezoelectric, pneumatic, shape memory alloy 
(SMA), electrostatic, thermopneumatic, and bimetallic etc. An active valve employs the same 
kind of actuation such as electromagnetic, piezoelectric, pneumatic, shape memory alloy 
(SMA), electrostatic, thermopneumatic. A passive valve is also called a check valve, which is 
one of the most popular valves in micropump design. 
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1.2.1 Microactuator 
The performance of an active valve and a micropump depends strongly on the features of the 
actuator. In fact, the size of the device is determined by the actuator. Many kinds of actuators 
have been studied and used. 
Electromagnetic actuator is realized with a solenoid plunger. A force developed by these 
actuators depends on the applied current and on the number of turns. A large stroke can be 
obtained. Miniaturization is, however, difficult because of the restriction imposed by the size 
of the solenoid coil. 
Piezoelectric actuators using the piezoelectric effect have been widely used. Piezoelectric 
actuators of disk type, cantilever type and stack type have been commercialized. Simple plate 
type piezoelectric actuators can be classified into two types - monomorph and bimorph. These 
actuators consist of piezoelectric ceramic plates and electrodes. Disk type actuators can be 
easily glued with epoxy resin. These actuators have relatively large deformation and fast 
response, but the pressure generated is small. To obtain large pressure, stack type structure of 
many piezoelectric plates and driving electrodes were employed. However, the stoke is often 
small. This type of actuator can be mounted in a glass tube and bonded to the structure with 
epoxy resin. 
Pneumatic actuator consists of an electromagnetic valve, a leak valve and an air compressor. 
The displacement and generated force can be widely controlled. In this case, the response 
time depends mainly on the flow conductance of the valves. But the size reduction is very 
difficult. 
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Shape memory alloy (SMA) actuator consists of a shape memory alloy coil to memorize the 
expanded state and a bias spring. The SMA coil regains its original shape when it is heated 
above the critical temperature. The bias spring can bias the plate at some place when SMA 
cools down. It is easy to miniaturize the actuator size but it is difficult to control the 
displacement precisely. 
Electrostatic actuator has a movable electrode and a fixed electrode. The principle of the 
electrostatic actuators is very simple. When a voltage is applied on the electrodes, an 
electrostatic force will be generated between the electrodes. This force is inversely 
proportional to the second power of the distance separating the two electrodes. Hence the 
available stroke is limited when a reasonable pressure is required. 
Thermopneumatic actuator has a sealed pressure chamber and a movable diaphragm. In a 
typical actuator, the inner gas of the chamber is heated by electrical dissipation in heater 
resistors incorporated in the chamber. The rising time of the actuator depends on the heat 
capacitance and the available power of the heater, while the relaxation time is determined by 
the heat transfer to the external world. 
Electromagnetic actuator consists of a soft magnetic mass suspended by a spring beam and an 
external solenoid coil. The electromagnetically generated pressure is decided by its surface 
area, the magnetization of the mass, and the vertical component of the magnetic field 
produced by the external coil. But miniaturization of the external coil is a problem in this 
case. 
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Bimetallic actuator consists of a center boss, a circular diaphragm made of bimetallic 
materials, and a circular heater. By varying the electrical power of the heater and thus the 
temperature of the bimetal, the displacement of the center boss can be controlled. The 
generated pressure is proportional to the difference between the thermal expansion 
coefficients of the two materials and to the temperature difference. Strong force and 
reasonable displacement can be expected by using an appropriated combination of the two 
materials. The relaxation time is also the dominant factor in the response time. 
The features of all kinds of actuators are summarized in Table 1.1. 
Table 1.1 Features of the miniaturized conventional Microactutors 
Actuators Pressure Stroke Response time Reliability 
Solenoid plunger Small Large Medium Good 
Disk Piezo Small Medium Fast Good 
Stack Piezo very large Very small Fast Good 
Pneumatic Large Large Slow Good 
SMA Large Large Slow Good 
Electrostatic Small Very small Very fast very good 
Thermopneumatic Large Medium Medium Good 
Electromagnetic Small Large Fast Good 
Bimetallic Large Small Medium Enough 
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1.2.2 Micro valve 
Micro valves can be classified into two categories: active micro valve (with an actuator) and 
passive micro valve (without an actuator) 
1.2.2.1 Active micro valve 
Solenoid plunger micro valve is the first reported micro valve. It consists of a silicon valve 
seat and a nickel diaphragm actuated by an external solenoid. 
Piezoelectric micro valve has a stack type actuator or piezo disk type actuator. This kind of 
micro valve has a large stroke and very small dead volume. To have disposable flow channel, 
the channel was separated from the actuator part. Since the actuator part can be reused many 
times, it reduces the cost and is useful for medical applications. This kind of microvalve is 
usually used as a normally-closed microvalve. 
Shape memory alloy and bias spring micro valve is often used for normally open and closed 
microvalves. A thin silicon membrane was used as a soft sheet that covers the hole in the flow 
channel. Large actuator stroke realizes a large flow conductance suitable for liquid flow 
control. However, this kind of valve can be used only as an on-off valve because of the poor 
controllability of the SMA actuator. 
Electrostatically actuated microvalves have been developed for some time. Simple cantilever 
type microvalve can be fabricated using surface micromachining, but the generated force of 
this valve is small when the electrode gap is large. The controllable pressure range is also 
limited. In order to generate enough force to actuate the valve, the pressure of the fluid can be 
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used as a balancing force on the moving parts of the valve. The fluid pressure produces an 
upward direction force to open it. The required force to actuate the valve is only a small 
fraction of the total pressure of the fluid if the valve is properly designed. This type of valve is 
made of stacked silicon structure bonded by fusion bonding technique. 
A thermopneumatically driven microvalve normally uses a sealed pressure cavity filled with a 
liquid. A resistive heater was formed on the glass substrate. The chamber can also be heated 
optically through the glass. Using the liquid-gas phase system of methyl chloride, the pressure 
can be increased by 0.7 kgf/cm2 within 5 ms by applying 200 mV. The dynamic range of this 
valve can be broadened by adjusting the cavity shape, boiling point of the control liquid, and 
the quantity of both gas and liquid molecules. 
A bimetallic beam that provides significant force and displacement was also used for the 
microvalve. It consists of a diaphragm with a central boss and a bimetallic actuator. The 
actuator is a circular silicon diaphragm having diffused resistors and an annular aluminum 
region, which are the elements of the bimetallic structure. The temperature of the bimetallic 
structure on the diaphragm boss so as to control the gas flow. This valve can control the gas 
flow ranged from O to 90ml/min with an input pressure of 2. lkgf/cm2 with no obvious 
pressure drop. The leakage flow at 1.4 kgf/cm2 input pressure was about 45ul/min, which 
corresponds an on-off ratio of about 1600. 
An electromagnetically driven microvalve consists of a valve cap and a magnetic coil. The 
valve cap is made of a Ni-Fe alloy, a soft magnetic material supported by a spring. It moves 
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vertically in the magnetic field applied by an external electromagnet. The valve was driven by 
a 0.1 HZ to 100 HZ rectangular magnetic field. 
1.2.2.2 Passive microvalve 
Microvalves without actuators are mainly used for check valves in a m1cropump. In a 
micropump, very small leakage under reversely applied pressure and large reverse to forward 
flow resistance ration are required. The response time which means transition time during 
open-to-close or close-to-open is also an important parameter of the valve. Structures of check 
valves developed so far are shown in Figure 1.1. It consists of ring mesa structure having a 
through hole at the center and a surrounding ring diaphragm. Figure 1.1 b has a simple 
cantilever beam structure. Figure 1. lc was fabricated by surface micromachining. A round 
polysilicon sheet is suspended by four thin polysilicon beams that are fixed on the silicon 
substrate. Figure 1.1 d consists of a thinned V groove with a thin slit. It resembles the valve of 
a human heart. The valve consists of a perforated thin membrane of polyamide stretched over 
an opening in the titanium membrane as illustrated in Figure 1.1 e. Figure 1. lf has a silicon 
rubber float and a through- hole. It was made by molding so as to fit precisely into the hole. 
The float is suspended by four polymer arms fixed to the silicon substrate. Valves of type a, b, 
c and d have been already used for micropumps. Type f has a very small leakage and large 
reverse to forward flow resistance ratio at applied pressures larger than 10 mH20. This is 
useful for a very high output pressure micropump. 
10 




Figure 1. 1 Schematics of the passive Micro valve 
1.2.3. Micropump 
Micro pumps are classified into two groups: mechanical and non-mechanical (without moving 
parts) pumps. Two kinds of mechanical micropumps have been developed: reciprocating and 
peristaltic. Many mciropumps using different actuators have been fabricated in each type by 
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micromachining. Electrohydrodynamic effect, electroosmotic phenomena, and ultrasonic 
effect are used in non-mechanical micropumps. 
1.2.3.1 Reciprocating type micropump 
This type of micropump consists of a pressure chamber having flexible diaphragm driven by 
an actuator and passive microvalves (check valves). The check valve and the actuator play 
very important roles in the flow rate and the maximum output pressure. Many actuators like 
piezoelectric, pneumatic, electrostatic, thermopneumatic have been used. The maximum 
output pressure of the micropump depends on the available force of the actuators used. 
Piezoelectric disk micropump was the first developed. This type of micropump has been 
applied for actual system like microflow systems and chemical analyzing systems because of 
its simple structure and easy assembling. 
A piezoelectric micropump uses nozzle/diffuser elements instead of check valves. One of the 
disadvantages of micropump using the check valves is the restriction of the driving frequency. 
This type of micropump can be driven at frequency of hundreds of Hz. A water flow rate of 
about 3.3 ml/min and pump pressure of about 1.0 mH20 were obtained under driving 
frequency of 307 Hz and applied voltage of 141 V. the maximum pressure of this pump was 
2.5 mH20. Another remarkable advantage was the capability of pumping gas. 35 ml/min air 
pumping was demonstrated under a driving frequency of 6 kHz and a voltage of 20V. This 
allows one to pump liquid with solid particle content. 
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A piezoelectric stack micropump uses PZT stack actuator. The actuator offers a large force 
and high frequency response, a high flow rate up to 100 ul/min and a maximum pressure of 
1.5 mH20. Rippleless pumping was carried out by parallel connection of two micropump 
driven by opposite phase voltage as well as by series connection of a variable pressure 
chamber that is driven by a piezoelectric stack. 
An external pneumatically driven micropump was fabricated using a LIGA process. The 
micropump is made of a gold structure with a titanium diaphragm. The check valve consists 
of a titanium membrane and a polyimide membrane. A maximum flow rate of 80 ul/min and a 
maximum pressure of 0.4 7 mH20 were obtained for air pumping at a driving frequency of 
5Hz. 
An electrostatically driven micropump normally consists of four stacked silicon wafers. The 
check valve is a bulk cantilever formed on the two lower wafers. This can be fabricated fully 
in a batch process. The driving frequency range is from 1 to 1000 Hz. At a frequency of 400 
Hz, a flow rate of 350 ul/min and a maximum pressure of 2.4 mH20 were obtained. 
A thermopneumatic micropump was fabricated using resistive micro heater. Bulk type check 
valves were used. The pumping rate was in the range of O to 50 ul/min at a driving frequency 
of about 5 Hz. 
1.2.3.2 Peristaltic type micropump 
The other principle of mechanical micropump is the peristaltic drive. Two types of peristaltic 
micropump were reported using piezo disk and thermopneumatic actuators. 
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The piezoelectric dimorph type peristaltic micropump has several active valves and pumping 
is carried out when these valves are driven by controlled signals to achieve peristaltic motion. 
The pumping rate was around 100 ul/min when the driving voltage was 80 V. A negative 
voltage was used to bend the valve down during their closed period. The maximum pressure 
was 0.6 mH20. The flow rate was proportional to the frequency up to 15 Hz. 
The thermopneumatically driven peristaltic micropump has several active pressure chambers 
with flexible membrane In this case a micro resistive heater was used to change the 
temperature of the pressure chamber. To heat up the inner gas in the chamber, laser light was 
used. The flow range is around 90 ul/min. The maximum output pressure is 0.03 mH20. 
The electrohydrodynamic actuation micropump is limited to fluids of low conductivity and 
dielectric liquid such as organic solution. Two types of electrohydrodynamic micropumps 
were presented: a powerful DC charge injection pump and a travelling wave drive pump. 
Besides these mechanical micropumps, there are some original non-mechanical micropumps: 
Electroosmosis m1cropump and travelling flexural wave (ultrasonic) micropump. 
Electroosmosis m1cropump uses electrokinetic phenomena of electroosmosis. A traveling 
flexural wave (ultrasonic) micropump uses traveling flexural wave for transportation of 
liquids. Liquids can move in the directions of wave propagation with speeds proportional to 
the square of the acoustic amplitude. Both micropumps are not common in the microfluidics. 
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Table 1.2 Summary of Micropump Performances 
Type Actuator Valve Flow Max Output Driving frequency 
Range Pressure 
Piezo Disk 8 ul/min l.OmH20 3Hz 
Valveless 3.3 ml/min 2.4mH20 
Piezo Stack 40 ul/min 1.5 mH20 40Hz 
Reciprocating Pneumatic 80 ul/min 0.47 mH20 
Electrostatic 350 ul/min 2.4mH20 lOOOHz 
Thermo- 58 ul/min 0.3mH20 5Hz 
Pneumatic 
Piezo disk lOOul/min 0.6mH20 15Hz 
Peristaltic Thermo- 90ul/min 0.03 mH20 3Hz 
Pneumatic 
1.3 Valveless Micropump 
In microfuidics, a valveless micropump is paid more and more attention due to many 
advantages compared to a check micropump. Because of the absence valves, the micropump 
is short of fatigue and wear of movable parts. Moreover, pumps without movable valves may 
avoid high-pressure drop across the valves. Therefore, a valveless micropump has higher 
reliability and longer lifetime. In particular for microanalysis systems, the solution may have 
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tiny particle inside. These particles may block the channels of the analysis system or damage 
the check valves, so it is advantageous to use a valveless micropump for microanalysis 
system. 
The first valveless micropump was reported in 1992 by Ritcher et al. The successful 
employment of diffusers as passive valves was first demonstrated by Stemme and Stemme 
(1993). The first successful nozzle micropump was fabrication by Torsten Gerlach in 1995. 
However, the performances of these micropumps are not good enough for microsystem 
analysis. The backpressure of the first diffuser micropump was 2 mH20, but the bump is 
fairly big and is difficult to be fabricated using MEMS technology. The backpressure of the 
first diffuser micropump was only 4 kPa. This is far from what is needed. 
At the same time, a lot of researchers studied diffuser and nozzle direction dependent flow 
characteristics. Anders Olsson et al numerically and experimentally studied diffuser flow 
characteristics in 1997 and 2000, Torsten Gerlach analyzed the nozzle flow in 1997, and M. 
Heschel et al experimentally study the nozzle and diffuser flow performances in 1997. In 
order to improve valveless micropump performances, dual chamber method was proposed 
(Amos Ullman 1998). Based on this idea, the first parallel dual chamber diffuser micropump 
was demonstrated (Anders Olsson et al 1996). And a micromachined flat-walled valveless 
diffuser pump was successfully fabricated (Anders Olsson et al 1997) a year later. This 
micromachined flat-walled dual chamber diffuser pump significantly improved the 
micropump performance. A maximum backpressure of about 7mH20 and a maximum flow 
rate is 2.3 ml/min was obtained. Though the first nozzle micropump was fabricated in 1995, 
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the performances of nozzle micropump has not been improved. Compared to diffuser 
micropump, nozzle micropump is easier to fabricate with MEMS technology and to integrate 
with a microanalysis system. 
Several models have been developed to study a diffuser micropump and nozzle micropump 
(Anders Olsson et al 1999, Fred Forster et al 1996 and Torsten Gerlach et al 1995). For the 
diffuser micropump, one dynamic model was reported in 1999 (Anders Olsson et al). But this 
dynamic model is rather complicated for a diffuser micropump. For the nozzle micropump, 
only static models were available. But the micropump has to practically work in dynamic 
conditions. 
Although a lot of work has been done for valveless micropumps. Little work has been carried 
out to improve the performance of nozzle micropump for micro-analytical systems and it is 
necessary to develop a dynamic model to study the nozzle micropump. 
1.4 Thesis Organization 
This thesis is aimed at building a dynamic model to investigate effects of the micropump 
design parameters on micropump performances such as flowrate and backpressure. Based on 
the investigation, an optimized nozzle micropump design is achieved. A reliable fabrication 
process is also presented. 
In Chapter 2, the direction dependent flow characteristics of the diffuser and nozzle elements 
are quantitatively studied and summarized. From diffuser and nozzle flow characteristics, the 
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working principle of a valveless micropump is presented. Based on fluid flow theory and solid 
plate and shell theory, a dynamic PZT valveless micropump model is developed. 
Chapter 3 deals with the numerical simulation. The flowrate and backpressure are chosen as 
the studied performances for a valveless micropump. Due to the nozzle nonlinear pressure 
loss, numerical simulation method is chosen to study the valveless micropump. Based on 
numerical simulation, the effects of several key parameters on valveless micropump 
performances are discussed. These key parameters include passive plate dimensions, PZT 
dimensions, and nozzle dimensions. From the results, an optimized micropump design is 
achieved. This optimized micropump dimensions are 500 microns for membrane thickness, 
25000 microns of membrane radius, 80 microns of nozzle neck, and 400 microns for nozzle 
length. All simulation is implemented in a low frequency domain. 
In Chapter 4, a reliable fabrication process is developed based on experimental verification. 
At the same time, two major fabrication problems are analyzed and alternative solutions are 
also proposed. 
Chapter 5 summarizes the conclusions of present study and suggests direction for future 
research about a valveless micropump. 
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CHAPTER2 
MODELING OF PZT VALVELESS MICROPUMP 
In this chapter, diffuser and nozzle element direction dependent flow characteristics are 
discussed. Based on this discussion, the principle of the valveless micropump is addressed. 
From the mass conservation theory and extend Bernoulli equation, a dynamic micropump 
model is developed. 
2.1 Principle of Valveless Micropump 
Valveless micropump uses two kinds of passive valves: diffuser and nozzle. Based on diffuser 
valve or nozzle valve, valveless micropump can be categorized into a diffuser valveless 
micropump and a nozzle valveless micropump. 
2.1.1 Diffuser Element Analysis 
The diffuser element is the part of the valveless diffuser pump that provides the pump its flow 
direction properties. The actual diffuser uses the part with diverging cross section in the 
positive direction. A diffuser is by definition a device for reducing the velocity and increasing 
the static pressure of a fluid passing through a system. It is often used in internal flow 
systems. The reduction of the velocity for an expanding cross section follows from the 
continuity equation. The static pressure is therefore increased according to Bernoulli's 
equation. The geometry of the diffuser is very simple, but the flow in it is very complex. Due 
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to the negative pressure gradient the flow may separate from the sidewall which causes large 
pressure losses that deteriorates the function of the diffuser. For micromachined diffusers, the 
reported data is limited. It is important to give an explanation of the working principle of the 




Figure 2.1 Diffuser Element Section View 
The pressure loss in internal flow systems is normally given by a loss coefficient K that is 
related with the pressure drop ~p by 
~p=Kpu 2 /2, (2.1) 
where p is the fluid density and u is the mean velocity in the upstream. 
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For a diffuser element, it is practical to relate the pressure loss to the narrowest cross section, 
the neck by 
(2.2) 
where c; is the pressure loss coefficient and Uneck is the mean velocity in the neck. The relation 
between K and c; is simple geometrical area relation given by 




If interactions between the different parts of the diffuser element are neglected, the total 
pressure loss can be calculated as the sum of the losses on the different parts. 
In order to achieve the best pump performance the losses in the positive direction should be 
minimized while maximizing the losses in the negative direction. At the outlet, the flow 
always forms a jet regardless of the shape and K=l. At the inlet, the losses should be small in 
the positive direction. This is achieved with a rounded inlet and K=0.05. In the negative 
direction the losses should be as high as possible and a sharp inlet is used with K=l. 
Experimental data for diffusers are commonly presented as performance maps in literature 
[David Japikse et al 1998]. From such a performance map, the maximum pressure recovery 
Cp for the diffuser can be estimated and the loss coefficient can be calculated as 
Kdijfuser = 1-(~n / J2 - Cp , 
/ Aout 
(2.4) 
where Ain is the inlet area and Aout is the outlet area. The losses are minimized when Cp is 
maximized. From the diagram performance map in literature [David Japikse et al 1998], we 
21 
find that Cp = 0.77. It is known that the performance is highly dependent on the boundary 
conditions at the inlet. In the opposite direction the losses are always small, with K 
approximately 0.03. 
The pressure loss coefficients for the different regions are summarized in Table 2.1 with the 
diffuser efficiency ratios Tl calculated as 
TJ = 'negative/' positive (2.5) 
In the high frequency domain, the mass inertia of any fluid counteracts acceleration aQ/at 
resulting in a pressure drop. This phenomenon can be described by the hydraulic inductivity 





For equally distributed velocity over cross section, the inductivity of the fluid inside the 
diffuser can be calculated by 
s l s l 
L = pf dz =Lf-----dz 
o A(z) Ao o [l + 2 ~tan( a)] 2 
d 2 
=Lf l d; 
Ao o [1 + 2; tan( a ) ] 2 
2 
(2.7) 
Assuming that the minimum diffuser and nozzle element length is the place that 90% kinetic 
energy is converted into pressure, we have 
1 1 




The minimum inductivity is obtained as 
L . =..£..Sr 1 d<; =0 342 pd cosa 
o,mm A0 0 [l + 2g tan(a )]2 · A0 1-sin a 
2 
(2.9) 
The maximum inductivity is calculated as 
Lo = _.f!_ j l dg = l pd cos a = 1.46LO,min 
,max A0 0 [l + 2g tan(a )]2 2 A0 1-sin a 
2 
(2.10) 
Because of the divergence of diffuser, the velocity will be smaller and smaller during flow 
inside a channel, whereas, the velocity of diffuser will be bigger and bigger owing to 
convergence. 
From the above discussion, we have 
LO,negative > LO,positive (2.11) 




Figure 2.3 Diffuser flow in the negative direction 
2.1.2 Nozzle Element Analysis 
The same type of analysis can be made for a nozzle element in the dynamic micropump, 
henceforth called valveless nozzle pump. A nozzle element is a flow channel with a large 
opening in the positive direction as illustrated in Figure 2.4. 
The nozzle elements depend on a different mechanism when compared to diffuser elements. 
The nozzle element depends on the inlet edge at the narrowest part and the "vena-contracta" 
effect. The diverging angle direction does not work as a diffuser since no pressure is 
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recovered and the losses are higher than for sudden expansion. The converging wall direction 
is the positive direction. 
Positive Negative 
Figure 2.4 Nozzle Element Section View 
Since available data is for conical diffusers calculation was done assuming a conical element 
with dimensions according to Table 2.1 and positive and negative according to Figure 2.2. 
The resulting pressure loss coefficients and flow inductivity are summarized in Table 2.1 
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Table 2.1 Summarization of flow efficiency of different nozzle and diffuser elements 
a=70° a=70° 
-- ----- s 
~+ 1.1 1.1 1 1 
~- 1.4-1.6 1.05-1.25 0.55-0.7 0.2-0.35 
a+ l.lL l.lL l.05L l.05L 
d0 (d0 + Lctga) d 0 (d0 + Lctga) d 0 (d0 + Lctga) d0 (d0 +Lctga) 
a- l.05L l.05L l.05L l.05L = = d0 (d0 + Lctga) d 0 (d0 + Lctga) d0 (d0 + Lctga) d0 (d0 + Lctga) 
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2.2 Principle of Valveless Micropump 
The basic valveless micropump consists of two diffuser or nozzle elements connected to a 






Figure 2.5 PZT Valveless Micropump 
A diffuser is an expanding duct and a nozzle is a converging duct. The following-direction 
action in the valveless micropump is based on the fact that a diffuser or nozzle element can be 
geometrically designed to have a lower pressure loss in the nozzle direction than in the 
diffuser direction, for the same flow velocity. 
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When increasing the chamber volume (the supply mode), the inlet element acts as a nozzle 
with a lower flow restriction than the outlet element, which acts as a diffuser. This means that 
a large volume is transported through the inlet chamber than through the output, as shown in 
Figure 2.6. 
When decreasing the chamber volume (the pump mode), the outlet element acts as a nozzle 
with a lower flow resistance than the inlet element, which acts as a diffuser. This means that a 
larger volume is transported through the outlet of the chamber than through the input, as 
shown in Figure 2. 7. 
<llin t <Pin><POU f <llout 
Figure 2.6 Valveless Micropump Supply Working Mode 
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<l>in <l>in<<l>out <l>out 
Figure 2.7 Valveless Micropump Pumping Working Mode 
The result for a complete pump cycle is therefore that a net volume is transported from the 
inlet side to the outlet side, despite the fact that the nozzle or diffuser conveys fluid in both 
directions. 
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2.3 Modeling of PZT Valveless Micropump 
From the above discussion, the principle of the valveless micropump is elucidated. Based on 
the above discussion and conventional solid mechanics and fluid flow theory, a dynamic 
model is developed in this work. 
2.3.1 Modeling of PZT micropump membrane 
Due to small deflection, the system can be thought as a linear system: so the membrane 
deflection can be divided into two parts, one induced by the PZT electrostatic force and the 
other induced by fluid pressure inside the chamber. Because the weight of the membrane and 
PZT mass are far less than fluid pressure force and PZT electrostatic force, it is reasonable to 
omit the membrane and PZT inertial force. Therefore, the problem is simplified into 
quasistatic problem. 
Vdia = Vdia (U,t) + Vdia (P(t)) 









The stress are induced by the electrical field as 
The solution to the above model is 
e 









Since the PZT thin film is stuck to the membrane, the strain will cause in-plane stresses inside 
the membrane. The in-plane stresses produce a bending moment as 
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(2-22) 
Substituting equation (2-17) 
C13 M ~ -[--e33 -e31 ]UH /2 , C33 (2-23) 
where Hf is the PZT film thickness and Ha is the membrane thickness. 
If PZT dimension is close to membrane dimension, it is reasonable to assume that PZT has the 
same diameter with membrane for simplification. Hereby, we assume the membrane 
boundary condition is simply support at the first. 
M 
Figure 2.8 Membrane Plate Force View 
The displacement of the membrane W(r) caused by moment is given by 
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M 2 2 W1 (r) =---(a -r) 2D(l+y) 
(2-24) 
Therefore, the volume change induced by PZT is 
V = Jw1 (r)dr = J M (a 2 -r2 ')(lr = Ma' 
0 0 2D(l+y) D(l+y) 
(2-25) 
For uniform distributed pressure P, the displacement W (x,y) equation from reference 
[S.Timoshenko et al 1995] 
(2-26) 
We assumed that 
a. The diaphragm is fully clamped on its edges 
b. Diaphragm bending is elastic 
c. Deflection W(x,y,p) remains small compared to h 
lr r r r r r r r r A 
p 
Figure 2.9 Plate deformation under uniform pressure p 
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For a uniform load P, 
2.3.2 Conservation of Mass and Coupling of PZT and the Fluid 
The conservation of mass from reference [Frank M. White 1991] 
! ( fJf p dv ) + Jf p ( u • n )dA = 0 
CV cs 
where CV is the control volume, CS is the control surface 
(2-27) 
(2-28) 
Figure 2.6 shows the control volume and control surface. Because of innegligible bubble 
effect on the micropump performance, a certain volume of bubble is assumed to be entrapped 
inside the micropump chamber. 
After substitution, Equation (2-28) can be changed into 
d 
dt [ P liquid ( p (t)) V liquid ( p' t) + P gas ( p) V gas ( p)] - P liquid ( q> in - q> out ) = Q (2-29) 
Vziquid ( p,t) = Vchamber ( P )+ Vdia ( p,E,t )- Vgas ( P) (2-30) 
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Vdia(p(t),E) 





Figure 2.10. Pump Chamber Control Volume 
Here we assume 1) incompressible flow 2) except membrane, no chamber volume variation 
From (2-29) and (2-30), we have 
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(2-31) 
Hereby, it is reasonable to assume that the bubble is an ideal gas, which means no heat 
exchange with the outside micropump chamber. At the same time, the entrapped gas cannot 
escape to outside. In other words, the mass of gas inside the chamber is conservative. 
From Equation (2-32), 
dp = P gas ( P ) dV 
dp Vgas( p) dp 









where P0 is the atmosphere pressure, Vgaso is the gas volume at atmosphere pressure, Pis the 
pressure inside chamber 
After substitution (2-34), equation (2-31) is changed into 
dVdia dp dVdia dU dVgas dp 
Ptiquid ( dp dt + dU dt ) Ptiquid dp dt = Ptiquid ( <J\n cp out) (2-35) 
Canceling liquid density, 
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dVdia dp + dVdia dU _ dVgas dp _ <I>. _ <I> 
dp dt dU dt dp dt zn out (2-36) 
Substitution (2-34) 
(2-37) 
2.2.3 Dynamic Equation about Nozzle (Extended Bernoulli Equation) 
For micropump design, the inlet and outlet are chose as nozzle. According to practical 
consideration, the following assumptions were made 
1) Incompressible flow 
2) Steady flow 
3) Flow along a streamline 
For one dimension flow, extended Bernoulli equation is given by 
P;n l -2 pout l --2 d<P ~oss 
gzin+-+-1//inUin =gzout+--+-f//outUout +L-+--
p 2 p2 dt p (2-38) 
For constant velocity over the cross-section and the same cross-section area and velocity 
profile at inlet and outlet neck, we have 
'If in = 'If out (2-39) 
So equation (2-38) can be changed into the following 
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pin pout d<P ~Ploss 
gzin +-=gzout +--+L-+--
p p dt p 
(2-40) 
For the inlet 
d<I> . 
pin = p (t) + pL m + ~Ploss + pgH 
dt 
(2-41) 
For the outlet 
d<I> 
pout = P(t)- pL out ~Ploss - pgH 
dt 
(2-42) 
To summarize, a dynamic model of passive dynamic valve PZT micropump is achieved. The 
following three equations describe the dynamic performance of the micropump. 
d<I> in 
pin = p (t) + pL ---+ ~Ploss + pgH 
dt 
d<I> 







SIMULATION OF A VALVELESS MICROPUMP 
In this chapter, a numerical simulation algorithm is chosen based on the micropump dynamic 
model discussed in Chapter 2. A numerical simulation program is developed with Fotran 99. 
Based on the numerical simulation, the effects of several key parameters such as passive plate 
dimension, PZT dimension and nozzle dimension on the micropump performance are 
discussed. The performances of micropump include the flow rate and the backpressure. 
3.1 Algorithm of Simulation 
In Chapter 2, a set of differential equations defining the micropump were derived. In order to 
analyze the micropump performance, we must implement some reliable and effective 
algorithm to solve this set of differential equations. Because of the fact that, pressure loss is 
nonlinear, a numerical simulation is an effective method to solve this kind of nonlinear 
problem. Hereby we use a numerical iteration method that is implemented with Fortran 99. 
Normally, a micropump works in a low frequency domain. , Therefore, in this work we focus 
on the micropump performance in the low frequency domain. In the simulation, the working 
frequency is set to 50 HZ. 
The flow rate and backpressure are the most important performances of a micropump. In the 
following optimization, the relationship between the flow rate and backpressure and some 
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parameters such as membrane and nozzle dimensions are discussed. Based on the simulation 
results and fabrication feasibility, the optimized design can be achieved. 
3.2.Simulation Results and Discussions 
From the micropump schematic in Chapter 2, a PZT actuator is glued on the glass membrane 
as the actuation source. Because of the PZT actuator vibration, the fluid is sucked in and 
pushed out of the pump chamber. It is obvious that passive plate membrane has a large 
influence on the micropump performance. The effect of membrane dimension on the flow rate 
and the backpressure is discussed in the following section. 
3.2.1 Membrane Dimensions Effect on Flowrate and Backpressure 
From Figure 3.1 and 3.2, it is observed that the flow rate and backpressure decrease with 
membrane radius, and vice versa. The micropump chamber volume variation includes 
variation caused by PZT and the pressure inside the chamber. The volume variation caused 
by PZT and pressure inside the chamber increase with membrane radius. However, the net 
volume variation caused by PZT and the pressure inside the chamber decreases with 
membrane radius. It is not difficult to see why both flow rate and backpressure inversely 
change with the membrane radius. For the same reason, the net chamber volume variation 
increases with membrane thickness, so back pressure and flow rate will be bigger with a 
thicker membrane. The experiment in [Ron L Bardell et al] shows the same result. 
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Figure 3.2 Backpressure at different membrane thickness and membrane radius 
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3.2.2 Nozzle Dimension Effect on Flowrate and Backpressure 
The inlet and outlet of the micropump are nozzle elements, so the dimension of the nozzle 
may have some influence on the performance of the micropump. The relationship between the 
backpressure and flow rate and the nozzle dimension are discussed in the following section. 









5.00E+01 1.&JE+02 2.50E+0'2 3.&JE+0'2 4.&JE+02 
Nozzle te:k(rricron) 
Figure 3.3 Effect of Nozzle Neck dimension on backpressure 
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Figure 3.5 shows the flow rate increases with nozzle neck dimension. The relationship is 
nearly quadratic. But, from Figure 3.6, the flow rate does not have any significant change with 
increase in nozzle length. 
Flow Rate vs Nozzle Neck 
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Figure 3.6 Effect of Nozzle Length on Flow Rate 
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3.3 Optimized Micropump 
Micropumps are normally used in microsystem analysis to provide a certain flow rate and 
back pressure. We chose the membrane thickness as 500 microns, membrane radius as 25000 
microns, nozzle neck as 80 microns and nozzle length as 400 microns. The choice of 
dimension is within the fabrication feasibility. Fig. 3.7 shows the optimized micropump 












Figure 3.7 Optimized Micropump Inlet and Outlet Flow Rate 
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Figure 3.8 Optimized Micropump Working Characteristics 
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3.4 Performances in High Frequency Domain 
The performance of a valveless micropump in a high frequency domain is also of great 
practical interest. When a micropump is working in high frequencies, of the order of millions 
of Hertz, the pressure rapidly changes its direction. At that time, flow inductivity is 
predominant and governs the fluid flow in the nozzle or diffuser. According to the discussions 
in Chapter 2, flow inducitivity in the negative direction is less than that in the positive 
direction of the nozzle. But in low frequency domain, flow resistance plays a dominant role in 
the fluid flow. In this case, flow resistance in the negative direction is greater than that in the 
positive direction. Because of this different flow resistance, the net flow is from inlet to outlet. 
Whereas, at the millions of Hz of the working frequency, the flow inductivity governs the 
fluid flow inside the micropump. The flow inductivity in the positive direction is less than that 
in the positive direction. Because of this direction dependent flow inducitivity, backflow will 
occur .. In other words, the net flow will be from the outlet to the inlet. 
Therefore, we can see that the micropump in a high frequency domain performs totally 
differently from the low frequency domain. One significant usage of this phenomenon is to 
control fluid flow direction inside a micropump by changing the working frequency. But 
unfortunately, PZT has its own working frequency range. Among these commercial PZT 
actuators, millions of HZ working frequency PZT actuators is not available now. 
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CHAPTER4 
FABRICATION OF VALVELESS MICRO PUMP 
In this chapter, mask design is discussed for different micropump dimensions. After the mask 
design, a fabrication process is developed based on the available facilities and experiment. 
Finally, problems encountered during the fabrication process are analyzed and discussed. 
4.1 Mask Design of Mi crop ump 
Following the optimized micropump design presented in Chapter 3, the next step is to draw a 
set of masks for the device fabrication. Several commercial mask design software like L-edit 
and Cadence are available. In the Microelectronic Research Center (MRC) at Iowa State 
University, we used L-edit to draw masks. 
Our micropump mask design consists of four layers: chamber layer, inlet layer, outlet layer, 
and a alignment mark layer. In order to compare the micropump performances with different 
pump dimensions, we chosen the deck dimension of inlet and outlet is chosen as 80 microns, 
100 microns, 150 microns and 200 microns. Due to limited space, the diameter of the 
micropump chamber is chosen as 5 mm. 
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4.2 Fabrication of Micropump 
The fabrication of the micropump was conducted in the Micro Technology Laboratory (MTL) 
at the University of Minnesota. After several experiments, the final fabrication process is 
developed as followings 
A double polished 4" N type silicon wafer is RCA cleaned. Both sides were span with 
positive PR 1818 around 2 microns. MAB6 microlithography with chamber mask (mask#l) 
was used for patterning the chamber and then hard baked on a hot plate for 1 minute. D RIE 
was used to etch the chamber for around 30 minutes to get a diameter of 5 mm and a depth of 
80 microns. LPCVD was used to deposit 150-nm low stress nitride. MBA6 backside aligned 
inlet mask (mask#2) was used to open the inlet window and frontside aligned outlet mask 
(mask#3) to open the outlet window. Hard bake the wafer and use STS etcher to etch Nitride 
for 10 minutes. After that, acetone was used to strip the photo resists. The next step was the 
KOH (wt 49% 80 °C, around 16 hours) long time etching to etch through the whole wafer to 
form the inlet and outlet. After that, hot backflow phosphorus acid was used to strip the 
nitride. After finishing the silicon fabrication, a Pyrex 77 40 wafer was bonded to the silicon 
wafer using anodic bonding to seal the micropump chamber. The final step is to stick a PZT 
disk on the glass membrane to serve as the actuator. The following is the detailed fabrication 
process. 
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4" Silicon Wafer (100) N type RCA Clean 
Spin PR1818 around 2 micron and photolithography define pattern with chamber mask 
(Mask#l) 





Strip PR with Acetone 
• i • • 
LPCVD Nitride both sides thickness 1500A 
' I C 3 
Spin PR and pattern with backside alignment inlet mask (Mask#2 ) and front side 
alignment outlet mask (Mask#3) 
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7. 
N ' C _j 
STS etcher opens LPCVD Nitride window and strip PR 
8. 
I Z~ 
KOH 49% wt 80°C etch through as inlet and outlet 
10. 
Phosphorous acid strip Nitride 
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B. Glass and Silicon anodic bonding 
s/ 
C. Stick PZT on the membrane with conductive epoxy. 
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4.3 Fabrication Problem Analysis 
During the fabrication, several problems were observed including 350 °C PECVD nitride 
KOH etching strip and 400nm low stress nitride KOH etching strip. The two problems are 
analyzed as shown below. 
4.3.1 350 °C PECVD Nitride KOH etching strip 
KOH etching through the whole wafer normally takes a lot of time. The silicon nitride is often 
chosen as the mask material because the KOH etch rate of nitride is nearly zero. Therefore 
nitride is the ideal mask material for long time KOH etching. As the first experimental step, 
350 °C PECVD Nitride is chosen. But after three hours KOH etching (wt 49% 80 °C), 
PECVD nitride was stripped increasingly. 
The reason for this is that PECVD nitride has a porous property. Because of low deposition 
temperature, the deposit silicon nitride is not a dense material. The porous PECVD nitride is 
not enough to protect silicon from KOH for long time etching. Another reason is that PECVD 
step coverage is not as good as LPCVD. The PECVD nitride thickness in the chamber 
sidewall is much thinner on the surface and chamber bottom. For these reasons discussed 




Figure 4.1 350 °C PECVD Nitride KOH etching strip after 3 hours. 
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4.3.2 4000 A low stress Nitride KOH etching strip 
In MTL, 250 to 300 nm low stress nitride forms pinholes on the wafer surface after long time 
KOH etching. This may be due to the problems in STS etching. STS etcher opens the 
photoresist window while stripping the nitride away in some place, because of which, some 
pinholes can be formed. In the first experiment, a 400 nm-thickness low stress nitride is 
chosen as the KOH etching mask. But after six hours of etching, the 400 nm-thickness low 
stress nitride is also stripped. Figure 4.2 shows the 400 nm thick low stress nitride being 
stripped away after 6 hours of KOH etching. 
The reason for this could be long deposition time and high deposition temperature. Although 
the nitride has a low stress, the long deposition time (20 hours) and the high deposit 
temperature will resulted in accumulated stress in the nitride. During KOH etching, H 2 
bubbles collapse, and the surface tension strips off the high stress nitride. To solve this 
problem, one way is to reduce the silicon nitride thickness. Anther way is to deposit an 
intermediate layer to reduce the accumulated stress in silicon nitride. For simplicity and 
feasibility, the first method is chosen in our fabrication. 
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Figure 4.2 4000 A thickness low stress nitride strips away after 6 hours KOH etching. 




1. A dynamic model for the micropump is developed. At first, diffuser and nozzle direction 
dependent flow characteristics were analyzed. This model considers both solid mechanics 
and flow mechanics issues. The model can be used to predict the performance of the 
micropump under dynamic conditions. 
2. Based on the dynamic model, micropump performance in low frequency domain was 
investigated. Several important parameters such as membrane dimension, nozzle 
dimensions were studied. In the low frequency domain, increasing the membrane 
thickness would not increase the flow rate and the backpressure. On the contrary, it will 
reduce the flow rate and backpressure. The flow rate increases with the nozzle neck 
dimension quadratically. For a small neck, the backpressure will increase with the nozzle 
neck. By increasing the nozzle neck to about 80 microns, the backpressure reaches its 
maximum. After that, the backpressure drops. When the neck dimension is bigger than 
200 microns, the backpressure does not have any significant change. In the low frequency 
domain, neck length has little influence on back pressure and flow rate. 
3. Following the modeling, a fabrication process was developed. Problems associated with 
the fabrication process was discovered and discussed. Information was used to revise the 
fabrication process. 
5.2 Recommendation for future work 
Future works for this project are followings: 
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1. Derive an accurate analytical PZT micropump membrane equation to describe the 
membrane performance. This analytical equation should include bonding material effect 
on the membrane performance. 
2. Improve the micropump backpressure. In a microanalysis system, the fluid needs to go 
through the entire system. A typical pressure drop is around 20- 30 kpa. But the available 
PZT micropump backpressure is only 0.5 kpa. This is far less than what a microanalysis 
system requires. There are two ways to improve the micropump backpressure. One is to 
optimize the micropump design to get a higher backpressure the other way is to use a dual 
chamber design. 
3. Study the micropump performance in a high frequency domain. In Chapter 3, this issue 
was briefly discussed. Since the flow inductivity in the high frequency domain plays a 
dominant role in micropump performance, the performance in the high working frequency 
will be totally different from the performance at the low working frequency. This also 
needs experimental verification. 
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